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BULK  AND  SURFACE  CHARACTERIZATION  OF  THE  SILICON 
ELECTRODE  * 
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The  properties  of  silicon  as  an  electrode  are  investigated.  Techniques  for  reproducible  mea¬ 
surement  of  the  doping  level  are  described,  techniques  designed  to  avoid  surface  films  asso¬ 
ciated  with  fluoride  ions.  A  peak  in  the  capacity/voltage  curve  that  appears  near  the  flatband 
voltage  for  both  n-  and  p-type  silicon  is  characterized  in  detail  and  shown  to  be  associated  with 
interface  states  between  a  surface  oxide  layer  and  the  silicon.  The  possible  chemical  origin  of 
the  interface  states  when  the  electrode  is  in  solution  is  discussed. 


1 .  Introduction 

The  current  drive  for  practical  photoelectrochemical  solar  cells  has  renewed  the 
interest  in  the  silicon/electrolyte  system.  In  this  paper  we  present  recent  studies  on 
this  system  where  capacity  measurements  are  used  to  characterize  the  bulk  proper¬ 
ties  of  silicon  and  to  obtain  information  regarding  interface  states  at  the  silicon/ 
silicon  oxide  interface.  Some  of  the  results  discussed  in  this  paper  cover  a  wide 
variety  of  data  on  the  silicon/electrolyte  interface,  some  of  which  were  already 
partially  known  or  suggested  indirectly  in  the  literature.  Our  contribution  is  thus 
partly  new  experimental  data  and  partly  new  concepts  that  will  connect  and  clarify 
otherwise  disconnected  observations. 

In  aqueous  solutions  the  surface  of  the  silicon  anode  is  readily  oxidized.  Such 
an  oxide  layer  has  been  shown  to  influence  the  electrode  characteristics  in  many 
ways.  Its  presence  makes  the  experimental  determination  of  the  flatband  potential 
(K,b)  for  silicon  very  difficult.  This  flatband  potential  is  critical  for  the  effective 
characterization  of  the  energy  levels  of  the  electrode.  The  presence  of  an  oxide 
layer  has  also  been  invoked  for  explaining  the  high  Tafel  slopes  for  hydrogen  evolu¬ 
tion  on  the  silicon  cathode  [1],  It  has  been  found  also  that  the  growth  of  a  thin 
oxide  increases  the  capacitance  of  the  solid/liquid  junction  [2],  Such  an  increase 
in  the  form  of  a  peak  in  the  capacitance  voltage  plot  will  be  noted  below,  and  will 
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be  attributed  to  the  introduction  of  interface  states  as  was  done  in  ref.  [2].  This 
additional  capacitance  peak  in  the  capacitance  voltage  plot  was  elsewhere  inter¬ 
preted  [4]  as  a  surface  state  at  the  electrode  surface.  We  will  show  here  that  in  this 
case  also  the  increased  capacitance  was  due  to  an  oxide  film  and  that  the  interpreta¬ 
tion  .in  terms  of  interface  states  is  preferred.  The  thin  oxide  film  itself  is  not 
expected  to  contribute  a  significant  series  capacitance  to  the  equivalent  circuit  of 
the  electrode  but  only  to  influence  the  contribution  of  the  space-charge  capacitance 
and  interface  state  capacitance,  the  latter  very  markedly.  For  these  reasons  it  is 
clear  that  the  presence  of  an  oxide  layer  changes  the  double  layer  structure  of  the 
silicon/solution  interface  and  affects  the  distribution  of  potential  drops  between 
those  interfaces.  Consequently,  the  oxide  affects  both  the  mechanism  and  kinetics 
of  most  electrode  processes  and  the  interpretation  of  measurements  on  the  elec¬ 
trode  in  an  indifferent  electrolyte, 

Properties  of  the  silicon  electrode  that  in  principle  do  not  depend  on  the  oxide 
have  also  been  reported  in  the  literature.  For  example,  the  origin  of  the  reverse 
(anodic)  current  for  n-type  silicon  in  the  absence  of  a  suitable  stabilizing  agent  has 
been  of  interest.  It  has  been  suggested  that  the  current  is  associated  with  the  dis¬ 
solution  of  silicon  and  that  the  holes  participating  in  this  dissociation  process  are 
formed  in  the  space-charged  region  [3],  In  more  recent  literature  [4).  some  doubt 
has  been  raised  about  this  interpretation.  An  alternative  suggestion  is  that  the 
limiting  saturation  current  is  due  to  thermally  activated  electron  transfer  over  the 
barrier  that  exists  at  the  semiconductor/electrolyte  interface.  The  electrons  could 
come,  for  example,  from  adsorbed  OH'  ions.  Mott-Schottky  plots  on  “oxide 
free”  silicon  have  been  used  [4]  to  determine  the  flatband  potential  for  n-type 
silicon  (in  1M  KC1  solution  buffered  to  pH  =  3.3  giving  the  value  of  Ffb  =  -0.3  V 
versus  SCE).  Another  approach  that  has  been  used  to  estimate  the  flatband  poten¬ 
tial  of  silicon  is  to  determine  the  maximum  open  circuit  photopotential  in  an 
active  solution  containing  ferricenium/ferrocene  [5).  In  another  area  of  interest  in 
“oxide-free”  silicon,  there  has  been  reference  in  the  literature  to  the  presence  of 
surface  states  at  the  “oxide-free”  silicon/electrolyte  interface  [6].  These  authors 
suggest  such  surface  states  may  cause  Fermi  energy  pinning  in  the  semiconductor. 
From  surface  recombination  experiments  [7],  it  was  shown,  indeed,  that  surface 
states  on  silicon  are  always  present.  One  of  the  surface  recombination  centers  was 
shown  to  disappear  by  the  addition  of  F'  ions. 

In  the  present  paper  we  attempt  to  reconcile  the  observed  behavior  of  the  silicon 
electrode  into  a  single  model,  one  wherein  the  oxide  layer  is  of  dominant  impor¬ 
tance.  First,  we  will  discuss  the  use  of  Mott-Schottky  plots  to  obtain  the  band 
edge  energies  of  the  conduction  and  valence  bands  in  the  silicon  relative  to  the 
energy  levels  in  solution  and  to  determine  the  doping  level.  We  will  show  that  im¬ 
proved  results  can  be  obtained  if  a  stabilizing  agent,  rather  than  HF,  is  introduced 
into  the  solution  to  prevent  the  extensive  growth  of  the  silicon  oxide  layer.  This 
permits  simple  and  reliable  Mott-Schottky  plots  to  be  obtained  for  both  n-  and 
p-type  silicon.  The  interpretation  of  the  measured  flatband  potential  and  its  pH 
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dependence  when  the  inevitable  oxide  is  present  will  be  discussed  at  length.  Finally 
a  eonsicerable  emphasis  will  be  placed  on  the  role  of  interlace  states  between  the 
silicon  and  the  silicon  dioxide  in  determining  the  electrode  properties.  It  will  be 
shown  that  recognition  of  the  role  of  these  interface  states  and  the  thin  oxide  layer 
on  the  surface  of  the  silicon  allows  its  very  complex  electrode  behavior  to  be 
unraveled. 


2.  Results  and  discussion 

2. 1.  Doping  level  and  flat  hand  potential  measurements 

The  Mott  Schottky  plot  is  a  plot  of  C~ 2  per  unit  area  versus  the  electrode 
potential.  V,  when  a  deep  depletion  region  is  present  on  the  surface.  From  the 
slope  of  the  Mott  Schottky  plot,  the  doping  level  of  the  single  crystal  is  obtained 
from  the  i elation 

C;*=(2/qNDKe0)(V-  Vn  kT/q) .  0) 

The  Hatband  potential  Ffh  is  obtained  by  extrapolating  the  C~2/V  relation  to 
C'2  =  0. 

The  Hatband  potential  (Ffh)  is  a  measure  of  the  energy  of  the  valence  and  con¬ 
duction  hand  edges  of  the  silicon  at  the  silicon/electrolyte  interface  [8). 

In  order  to  develop  a  deep  depletion  layer  on  the  silicon,  the  minority  carriers 
must  he  consumed.  In  acidic  aqueous  solution,  protons  can  capture  electrons,  so 
that  minority  carriers  on  p-type  material  are  easily  consumed.  In  most  studies 
reported  in  the  literature  on  n-type  material  HF  is  used  in  the  electrolyte.  In  prin¬ 
ciple,  holes  coming  to  the  surface  form  Si02  and  the  HF  consumes  the  Si02.  How¬ 
ever,  we  have  found  difficulties  with  measurements  in  HF  and  have  found  other 
means  preferable  to  consume  holes  reaching  the  surface. 

By  using  an  HF-free  solution,  we  avoid  the  obvious  problems  of  the  attack  by 
HF  on  glassware,  on  the  reference  electrode,  and  on  the  silicon  masking  of  the  elec¬ 
trode.  More  important,  we  are  apparently  able  to  avoid  some  less  obvious  problems 
such  as  the  formation  of  a  porous  silicon  film  [9]. 

We  have  found  for  n-type  silicon  that  linear  Mott-Schottky  plots  can  be  ob¬ 
tained  reproducibly  by  measuring  in  a  solution  containing  0. 1 M  Fe(CN)£".  We  have 
reported  elsewhere  [10]  that  Fe(CN)£"  is  oxidized  by  holes  in  a  process  wherein  a 
thin  stable  oxide  film  plays  a  beneficial  role.  Replacing  HF  with  ferrocyanide 
causes  the  rate  of  oxide  formation  to  be  very  low  enabling  us  to  obtain  both  more 
linear  Mott-Schottky  plots  and  more  reproducible  Vfb  values.  Variable  voltage 
drops  across  a  “thick”  surface  film  will  lead  to  variability  in  Kfb;  consequently, 
Ffb  is  a  sensitive  measure  of  problems  due  to  films. 

Fig.  1,  which  shows  a  Mott-Schottky  plot  for  an  n-type  monocrystalline  Si 
sample  in  0.5M  KC1  +  0.1M  K4Fe(CN)6,  illustrates  the  linearity  of  the  relation  over 
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VOLTS  (vs  SCE) 

1'ig.  1 ,  Mott  Sehottky  plot  of  n-type  silicon  in  an  0.5M  KCI,  0.1  M  K41  c(C'N)6  aqueous  solu¬ 
tion. 


a  wide  voltage  range.  The  calculated  donor  density,  indicated  on  the  figure,  is  the 
same  as  that  deduced  from  resistivity  measurements.  Before  the  measurement  was 
made,  the  electrode  was  rinsed  in  1%  HF  solution  in  the  dark  and  then  rinsed  care¬ 
fully  with  distillled  water. 

Reproducible  Mott-Schottky  measurements  on  p-type  silicon  have  been  much 
harder  to  obtain.  The  difficulty  appears  to  be  the  problem  of  maintaining  a  film- 
free  surface  both  before  and  during  measurement.  Because  of  the  plentiful  supply 
of  holes,  maintaining  a  clean  surface  is  more  difficult.  Our  best  and  most  reprodu¬ 
cible  values  have  been  obtained  by  etching  the  sample  in  about  20%  HF  and 
rinsing  in  methanol  before  measurement.  Fig.  2  shows  typical  Mott-Schottky  plots 
for  p-silicon.  Measurements  are  made  in  0.1M  Fe(II)EDTA.  Fe(II)KDTA  or 
Fe(CN)6_  is  used  to  consume  the  plentiful  supply  of  holes  during  measurements  on 
p-type  material. 

Fig.  3  gives  the  dependence  of  the  Hatband  potential  on  pH  for  monocrystalline 
n-silicon  under  conditions  where  is  reproducible.  The  pH  of  the  ferrocyanide 
solution  was  changed  by  adding  HC1  or  NH4OH  (dots  and  squares),  the  triangle 
represents  a  Hatband  potential  obtained  in  1M  KCI  solution,  in  which  HC1  was 


C"*  I  farads* 
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added  to  adjust  the  pH  to  2.  The  rectangle  represents  a  flatband  potential  obtained 
in  a  solution  with  0  1M  Fe(CN)2‘,  but  with  some  HF  present.  The  length  of  the 
rectangle  reflects  the  uncertainty  about  the  exact  pH  of  this  solution.  The  flatband 
potential  obtained  in  this  way  is  similar  to  the  values  we  found  in  1M  KC1  +  1%  HF. 
We  know  from  other  experiments  that  Fe(CN)£~  stabilizes  Si  only  after  formation 
of  a  thin  layer  of  Si02  [10].  Hence,  the  difference  in  flatband  potential  in  ferro- 
cyanide  solution  with  and  without  HF  present  presumably  represents  the  difference 
between  a  surface  covered  with  a  very  thin  Si02  layer  and  an  electrode  with  a  con¬ 
stantly  etched  oxide  (but  possibly  with  some  kind  of  thin  film,  or  a  fluoride  inter¬ 
mediate).  The  slope  of  the  graph  in  fig.  3  is  found  to  be  close  to  30  mV/pH  unit. 
To  our  knowledge,  we  are  the  first  to  show  a  plot  of  f7fh  versus  pH  for  Si.  The  pH 
dependence  of  the  flatband  potential  has  been  shown  for  several  other  semiconduc¬ 
tors,  but  usually  a  60  mV/pH  slope  is  found. 


lip.  4  Flatband  potential  t'fj,  versus  pH  for  p-type  silicon  in  the  presence  of  Fe(ll)KDTA. 


iafciii 


Mill 


Mg 


■ 


M.J.  Madou  et  al.  /  Bulk  and  surface  characterization  of  Si  electrode  141 

Fig.  4  shows  a  plot  of  the  Hatband  potential  versus  pH  for  p-type  silicon.  We 
note  again  the  low  sensitivity  of  Hatband  potential  on  pH,  much  lower  than  the 
60  mV/pH  unit  expected  from  the  Nernst  equation.  In  work  on  the  Si02/electro- 
lyte  interface  Schcnck  [II]  found  the  double  layer  potential  change  with  pH  was 
significantly  less  than  that  predicted  by  the  Nernst  equation.  He  also  found  that  the 
double  layer  potential  was  not  entirely  determined  by  pH  because  it  varied  also 
with  the  salt  concentration.  Those  conclusions  stemmed  from  the  observed 
influence  of  pH  and  salt  concentration  on  the  gate  voltage.  To  date  no  solution  to 
this  problem  has  been  offered.  We  also  note  that  for  any  particular  pH  (Kpb- 
r"b)  0.7  to  0.75  eV,  compared  to  the  expected  theoretical  value  of  Ag  -2 p  = 
0.7,  where  Fpb  and  Fph  are  die  Hatband  potentials  for  p-  and  n-type  silicon  respec¬ 
tively.  /-.g  is  '.he  energy  gap  (l.l  eV)  and  p  is  the  separation  of  the  Fermi  energies 
from  the  band  edges,  approximately  the  same  for  the  two  samples. 

It  is  of  interest  to  calculate  the  energy  of  the  conduction  band  edge  from  the 
Hatband  voltage  at  the  pH  of  zero  charge  of  Si02  [  1 2] .  At  pH  =  2.2,  Kfb  is  -0.47 
V  versus  SCF.  If  we  use  the  value  4.72  to  convert  from  the  SCF  to  the  vacuum  scale 
we  obtain  4.25  eV  versus  vacuum  for  the  bulk  Fermi  energy.  In  our  n-type  samples, 
/:'(■  u  -  A  i .  =  0.27  eV,  so  we  obtain  t’CB  =  3.48  eV  versus  vacuum.  This  result  com¬ 
pares  very  well  with  the  experimental  value  [13J  of  4.01  from  photoelectron  emis¬ 
sion  and  work  function  measurements  and  the  predicted  value  [12]  of  3.47  from 
electronegativity  correlations.  These  results  illustrate  the  accuracy  of  our  method. 

2.2  Interface  state  capacity 

An  important  feature  of  the  electrode  behavior  of  the  silicon  electrode  is  tne 
appearance  of  extra  capacity  over  that  expected  from  the  sn-jce  charge  capacity 
as  given  in  eq.  (1).  This  extra  capacity  appears  as  a  peak  (fig.  5)  when  the  electrode 
potential  is  near  the  Hatband  potential  for  either  n-  or  p  .ype  silicon. 

There  has  been  some  discussion  in  the  literature  regarding  the  origin  of  the  extra 
capacity.  Chazalviel  |4j  concluded  that  the  capacity  peak  is  associated  with  surface 
states  at  the  silicon/electrolyte  interface  and  says  in  a  footnote  in  the  same  ref.  [4 ) 
that  the  peak  does  not  depend  on  the  oxide.  Hurd  et  al.  [  1 2,14]  found  an  increase 
in  capacity,  but  did  not  resolve  the  peak.  They  concluded  that  the  extra  capacity 
is  due  to  interface  states  on  a  film-covered  surface.  Memming  [7]  also  made  C-V 
measurements  on  silicon  in  HF  solutions.  His  measuring  frequency  (140  kHz)  was 
rather  high  and  so  he  did  rot  observe  a  peak  in  the  C-V  plot  for  n-type  silicon. 
Surprisingly  he  observed  a  large  peak  due  to  surface  states  for  p-type  silicon.  The 
height  of  the  peak  and  the  potential  where  it  occurs  suggests  that  Memming’s  peak 
must  be  due  to  another  kind  of  surface  or  interface  states  than  we  are  dealing  with 
here.  Turner  et  al.  [15]  also  observe  the  capacity  peak  for  p-silicon  and  suggest  it 
is  related  to  reduction  of  water  in  the  oxide-current  How. 

The  frequency  dependence  of  the  capacitance  peak  in  both  cases,  n-  and  p-Si,  is 
readily  explainable  on  the  basis  of  either  surface  or  interface  states.  The  equivalent 
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1'ig.  5.  Capacitance  voliupc  plot  on  n-  and  p-type  silicon  in  a  solution  of  saturated  KO  but¬ 
tered  to  pH  =  4.  Measuring  frequency  is  500  Hz.  Dotted  line  is  the  expected  ('  1'  pl.it  in  the 
absence  of  interface  states.  Arrows  indicate  the  Hatband  potentials  for  n-  and  p-type  in  a  solu¬ 
tion  of  pH  =  4 


circuit  fur  the  semiconductor  surface  with  states  is  indicated  in  fig.  6b.  The  space- 
charge  capacity,  which  should  show  a  linear  Mott  Schottky  plot,  is  indicated  as 
Csc.  The  Helmholtz  capacity  and  the  oxide  capacity,  which  are  expected  to  be  so 
high  as  to  provide  negligible  impedance  are  indicated  as  CH  and  Cox  respectively. 
The  interface  state  or  surface  capacity  is  Css.  and  is  in  parallel  witli  Csc  jib).  The 
series  resistance  for  the  interface  state  capacity  should  actually  be  a  diode,  but  at 
low  ac  voltage  (less  than  kT/q)  the  diode  can  be  considered  equivalent  to  a  series 
resistance,  Rss.  With  this  circuit  it  is  clear  tnat  at  a  very  high  frequency,  such  that 
the  impedance  Rss  is  large  compared  to  the  impedance  of  the  surface  state  capacity, 
the  capacity  measured  will  beCsc.  At  low  frequency,  where  the  major  impedance  in 
the  surface  state  branch  of  the  equivalent  circuit  isCss,  the  measured  capacity  will 
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VOLTS  (vs  SCE) 

fig.  6.  (a)  Capacitance-voltage  plot  on  n-type  silicon  in  a  solution  of  saturated  KC1  buffered 
to  pH  =  4;  measuring  frequencies  are  indicated  in  the  figure.  <b)  The  equivalent  circuit  for  the 
semiconductor  surface. 


be  C'sc  +  Css.  Actually  the  curves  of  fig.  5  and  fig.  6a  show  that  in  the  region  of  the 
peak  Csc  is  small  compared  to  Css,  and  at  low  frequency  the  measured  capacity 
must  be  close  to  Css.  Thus  the  frequency  dependence  is  essentially  consist  .it  with 
such  a  surface  state  or  interface  state  model.  In  the  potential  range  of  the  capaci¬ 
tance  peak  the  surface  charge  is  changing,  i.e.  surface  or  interface  states  are  crossing 
the  Fermi  level.  The  further  the  surface  states  are  away  from  the  band  edges,  the 
slower  the  exchange  of  carriers  in  the  states  with  the  bands.  When  we  interpret  the 
peaks  of  fig.  5  in  terms  of  interface  states,  it  is  clear  that  the  states  in  the  p-type 
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case  are  further  away  from  the  valence  band  edge  than  the  n-type  states  are  from 
the  conduction  band  edge.  This  explains  why  the  frequency  dependence  for  p-type 
stretches  out  to  lower  frequencies  than  for  n-type.  Discussion  of  the  observed 
hysteresis  in  fig.  6a  will  be  given  below. 

The  capacitance  peak  is  identified  as  an  interface  capacity  with  the  levels  at  die 
Si/Si02  interface  rather  than  a  surface  state  capacity  with  the  levels  at  the  solid/ 
electrolyte  interface  as  put  forward  in  ref.  [4],  in  what  follows  we  will  give  evi¬ 
dence  for  this.  For  example  we  will  show  that  after  treatment  during  which  the 
oxide  is  expected  to  become  thicker,  namely  illumination  of  an  n-type  Si  anode 
or  anodic  polarization  of  a  p-type  electrode  in  the  dark,  the  capacitance  peak  is 
higher  and  broader  and  remains  so  until  the  surface  is  rinsed  with  HF. 

One  form  of  evidence  that  the  peak  is  indeed  due  to  interface  states  is  provided 
by  measurements  where  a  known  oxide  thickness  is  present.  We  find  that  a  sample 
with  30  to  50  A  thickness  of  thermally  grown  oxide  shows  a  similar  peak  in  the 
capacitance-voltage  curve  as  a  sample  in  which  the  oxide  is  anodically  grown.  In 


VOLTS  (vs  SCE) 

t  ig.  7.  (1)  Capacitance -voltage  plot  for  an  a-type  silicon  with  a  thermally  grown  layer  of 
SiOj  (30-50  A).  (2)  Capacitance-voltage  plot  for  an  n-type  silicon  with  a  thermally  grown 
layer  of  Si02  (30-50  A)  on  top  of  which  some  anodic  oxide  was  grown.  Kor  both  curves: 
Electrolyte  is  saturated  solution  of  KC1  buffered  to  a  pH  =  4,  Measuring  frequency  is  500  Hz. 
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this  case  also  the  peak  disappears  almost  completely  in  the  presence  of  HF.  Results 
on  a  thermally  oxidized  sample  are  shown  in  fig.  7  (curve  1 ).  A  comparison  of  fig.  7 
(curve  1)  with  the  capacitance  peak  in  fig.  6a,  where  the  oxide  was  anodically 
grown  in  our  aqueous  solution,  shows  that  the  main  differences  are  the  sharpness 
and  the  hysteresis  for  the  latter.  In  fig.  7  (curve  2)  we  show  the  effect  of  anodic 
growth  of  oxide  on  top  of  the  original  thermal  oxide.  This  additional  anodic  growth 
causes  the  peak  in  the  capacitance  voltage  plot  to  broaden  and  to  become  higher. 
We  suggest  that  the  underlying  reason  for  this  is  the  formation  of  more  unsaturated 
bonds  at  the  Si/Si02  interface  which  contribute  to  the  capacitance. 


VOLTS  (vs  SCE) 

Fig.  8.  Increase  in  peak  due  to  illumination.  Electrolyte  0.1M  KaFetCN)^.  (a)  After  HI 
treatment  ( 1 %  HF)  in  the  dark;  (to)  fust  sweep  under  illumination;  (c),  (d)  subsequent  sweeps 
under  illumination.  Only  the  sweep  in  the  anodic  direction  is  sho\  t  for  (c).  In  all  cases  the 
sweep  starts  at  -0.72  V  versus  SCE. 
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The  increase  in  the  excess  capacity  under  conditions  where  the  oxide  should  be 
developing  is  shown  in  fig.  8.  Curve  a  in  the  figure  is  taken  after  an  HF  treatment  in 
the  dark  and  shows  a  relatively  small  interface  state  capacity  peak.  Then  the  sample 
is  illuminated  to  provide  holes  to  promote  oxidation.  Curve  b  shows  the  first  sweep 
from  cathodic  to  anodic  and  back  (dashed)  under  illumination  and  a  higher  inter¬ 
face  state  capacity  peak  is  observed  that  actually  grows  during  the  sweep.  Curves  c 
and  d  show  the  stable  situation.  As  described  in  an  earlier  work  (10]  the  action  of 
the  ferrocyanide  is  to  prevent  continued  growth  of  the  oxide,  so  curves  c  and  d  are 
reproducible.  The  origin  of  the  second  plateau  or  peak  near  0  V  (SCE)  is  due  to  the 
illumination  as  was  also  discussed  in  the  earlier  contribution.  In  summary,  curve  a 
shows  a  low  surface  state  capacity  peak  following  HF  rinse  and  reimmersion  in 
ferrocyanide  solution.  Some  oxide  presumably  forms  immediately  for  the  peak  is 
present.  This  is  consistent  with  the  observation  [17]  that  about  15  A  oxide  was 
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VOLTS  (vs  SCE) 

Fig.  9.  Capacitance-voltage  plot  on  n-type  silicon  in  a  solution  of  1M  KC1  +  HC1  (pH  »  1.7) 
(no  F-)  and  the  same  measurement  in  a  solution  with  an  identical  pH  but  with  1M  F'  present. 
Measuring  frequency  is  400  Hz. 
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present  immediately  after  an  HF  rinse.  Curve  b,  the  cycle  under  illumination,  shows 
the  transient  condition  while  the  oxide  is  growing.  Curves  c  and  d  show  the  final 
condition  with  a  thicker  oxide  under  illumination.  All  measurements  were  made  at 
500  Hz. 

An  indication  that  the  interface  state  capacity  disappears  with  no  oxide  present 
is  shown  in  fig.  9,  where  we  show  results  for  n-type  silicon  in  HF  that  indicate  a  low 
interface  state  density.  The  curve  with  HC1  present  to  provide  a  similar  pH  (pH  = 
1.7)  shows  a  distinct  interface  slate  peak,  whereas  the  curve  with  the  sample  in  1 7t 
HF  shows  a  much  smaller  peak.  Although  this  effect  of  F"  has  been  shown  before 
in  the  literature  [2,4,14]  we  show  it  again  here  to  clarify  and  put  in  evidence  two 
points.  The  first  one  is  that  in  the  presence  of  HF  the  peak  in  the  capacitance  volt¬ 
age  plot  is  not  only  lower,  it  is  also  shifted  in  potential  of  occurrence  (at  the  same 
pH).  This  might  indicate  that  the  presence  of  F"  not  only  makes  one  interface  state 
disappear  but  gives  rise  itself  to  another  state.  This  was  also  suggested  by  surface 
recombination  velocity  experiments  done  by  Meinniing  [7).  The  second  point  (not 
shown)  is  that  at  higher  measuring  frequency  the  peak  in  the  C/V  plot  in  the 
presence  of  HF  moves  also  more  and  more  towards  the  final  capacity  rise  and 
becomes  smaller  and  smaller.  This  explains  why  Memming  measuring  in  HF  solu¬ 
tions  at  a  frequency  of  140  kHz  could  not  resolve  the  peak. 

In  order  to  show  that  oxide  removal  rather  than  F-  adsorption  is  the  cause  of 
the  disappearance  of  the  interface  state  capacity  in  HF,  we  show  results  in  fig.  10, 
on  n-type  silicon  where  the  tluoride  ion  concentration  is  kept  constant  at  1M  and 
the  pH  is  changed.  In  the  curve  shown,  the  values  of  pH  are  indicated  and  the  signi¬ 
ficant  difference  of  the  peak  height  for  the  two  cases  is  clear.  The  change  in  pH 
causes  a  change  in  flatband  potential  (fig.  3)  and  thus  a  shift  in  the  position  of  the 
peak.  As  will  be  described  below  however,  the  pH  has  no  large  effect  on  the  peak 
height,  so  the  difference  seen  in  peak  height  cannot  be  explained  on  that  basis. 
Only  the  removal  of  the  oxide  and  the  resultant  removal  of  the  interface  states  can 
support  the  data  in  fig.  10, 

With  the  above  results  we  think  that  the  hypothesis  that  the  oxide  is  necessary  for 
the  interface  states  to  occur  is  adequately  supported. 

The  cnemical  origin  and  physical  behavior  of  the  interface  states  is  not  clear,  but 
their  response  to  chemical  changes  (e.g.,  pH)  and  physical  changes  (e.g.  illumina¬ 
tion)  is  of  interest. 

The  influence  of  illumination  on  the  capacitance  peak  in  a  condition  where  no 
additional  oxide  was  grown  is  shown  in  fig,  1 1 .  Under  illumination  the  peak  is  twice 
as  high  as  that  in  the  dark.  This  peak  height  change  is  reversible.  It  is  very  different 
from  the  effect  described  in  fig.  7,  where  an  anodic  current  was  allowed  to  flow  and 
to  grow  additional  oxide.  In  that  case  the  observed  increase  in  the  capacitance  was 
irreversible.  The  reversible  effect  is  seen  on  n-  as  well  as  on  p-type.  These  results 
suggest  a  reversible  photogeneration  of  interface  states,  as  will  be  discussed  further 
below. 

The  influence  of  the  pH  on  the  capacity  peak  may  provide  some  insight  into  the 
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Fig.  10.  Capacitance -voltage  plot  on  n-type  silicon  in  a  solution  with  constant  F“  concentra¬ 
tion  (1M)  and  varying  pH. 
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chemical  origin  of  the  interface  states,  in  particular  their  possible  association  with 
H*  or  OH"  ions.  Fig.  12  shows  the  influence  of  the  pH  on  the  capacitance  peaks  for 
both  a  sample  with  about  50  A  of  thermal  oxide  (curves  in  12a)  and  a  sample  which 
was  rinsed  in  a  1%  HF  solution  before  the  experiment  to  ensure  a  thin  oxide  (curves 
in  12b).  The  pH’s  of  the  solutions,  adjusted  by  KOH  or  HC1  additions,  are  given 
beside  the  curves.  The  shift  in  the  position  of  the  peak  due  to  a  pH  difference 
reflects  the  flatband  potential  shift  as  shown  in  Fig.  3.  In  the  case  of  Fig.  12b,  the 
peak  appears  higher  in  alkaline  solutions  but  the  difference  is  less  and  less  pro¬ 
nounced  the  thicker  the  oxide  gets  (Fig.  12a).  This  influence  of  the  pH  could  either 
be  associated  with  movement  of  ions  (e.g.,  OH")  from  the  solution  to  the  inter- 
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Fig.  1 1.  Capacitance -voltage  plot  on  n-type  silicon  in  a  saturated  KC1  solution  buffered  to 
pH  =  10  in  the  dark  (full  line)  and  under  illumination  (dashed  line).  Measuring  frequency  is 
500  Hz. 


face  or  could  be  associated  with  a  more  rapid  oxide  growth  at  higher  pH.  Either 
model  would  be  consistent  with  the  increased  effect  for  thinner  oxides. 

Another  observation  related  to  the  chemical  origin  of  the  interface  states,  as 
shown  quite  clearly  in  figs.  6a,  8,  9,  10  and  11,  is  the  dependence  of  the  peak 
height  on  the  direction  in  which  the  voltage  is  changing.  The  peak  height  when 
sweeping  from  anodic  is  lower  than  that  sweeping  from  cathodic  potentials.  It  was 
found  for  both  n-  and  p-type  that  the  stronger  the  cathodic  treatment  (the  higher 
the  voltage,  the  longer  the  time)  the  greater  was  the  peak  height  during  the  first 
anodic  sweep.  The  position  of  the  peak  is  identical  for  the  cathodic  and  the  anodic 
sweep.  Thus,  tentatively  one  can  conclude  that  the  flatband  potential  has  not 
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1  ig.  12.  (a)  Capacitance  voltage  plot  on  n-typc  silicon  with  a  thermally  grown  las  er  of  Si(.>2 
(30  50  A)  for  two  different  pH’s,  (h)  Capacitance-  voltage  plot  on  n-type  silicon  rinsed  in  a 
1C  HI  solution  before  the  measurement  for  two  different  pH's. 

shifted.  It  scents  very  likely  indeed  that  the  actual  density  of  interface  stales 
changes,  depending  on  whether  the  sample  has  been  held  at  a  cathodic  voltage  or  is 
reluming  fiom  an  anodic  voltage. 

We  suggest,  to  explain  these  observations,  that  the  interface  states  are  associated 
with  species  (the  same  for  n-  and  p-type)  at  the  silicon/silica  interface  which  can  be 
forced  to  move  to  or  from  the  interface  through  the  oxide.  For  example,  if  the 
interface  state  were  associated  with  Si  sites,  then  during  the  anodic  bias,  a  reaction 
such  as 

Si  +OH-SiOH  +  e~  (2) 

could  lower  the  density  of  the  Si  sites,  during  a  cathodic  bias  the  reverse  reaction 
could  increase  the  density.  The  annihilation  of  the  interface  states  in  a  reaction 
such  as  described  above  would  be  most  rapid  with  very  thin  oxide  films.  Therefore 
the  hysteresis  is  much  more  pronounced  with  the  'bin  oxides  and  there  is  little 
hysteresis  with  the  thick  oxide  in  fig.  1 2b. 

Such  a  model  would  be  consistent  with  the  photoeffect  of  fig.  1 1.  Under  illumi¬ 
nation,  holes  would  break  the  SiOH  bonds,  freeing  the  Si'  and  increasing  the  effec- 


M.J.  Madou  et  al,  /  Bulk  and  surface  characterization  of  Si  electrode 


151 


tive  density  of  surface  states.  With  illumination  only  and  no  applied  field,  the  OH* 
or  H*  fragments  would  not  move  far,  so  the  effective  would  be  reversible.  Other 
analogous  reactions  could  explain  this  results. 


3.  Conclusions 

In  order  to  avoid  subfluoride  generation  when  holes  reach  the  surface  of  silicon 
in  an  HF  solution,  we  have  found  that  HF  should  be  avoided  when  attempting  to 
obtain  reliable  doping  level  measurements  on  silicon.  A  stabilizing  agent  designed  to 
limit  the  oxide  growth  such  as  ferrous  ions,  either  in  the  cyano  or  the  EDTA  com¬ 
plex,  seems  to  provide  reliable  results  that  do  not  change  with  time  due  to  film 
formation. 

An  anomalously  low  dependence  of  the  flatband  potential  on  pH  is  not  under¬ 
stood,  but  probably  is  due  to  a  double  layer  voltage  across  the  thin  oxide  that 
depends  on  pH.  H+  or  OH*  ions  diffusing  into  or  through  the  oxide  to  form  a  space 
charge  in  the  Si02  or  at  the  Si/SiO;  interface  could  have  this  effect. 

A  peak  in  the  capacity/voltage  curve  observed  with  capacity  measurements  at 
low  frequency  is  attributed  to  interface  states.  The  median  energy  of  the  band  of 
active  interface  levels,  from  the  results  of  fig.  5,  is  close  to  the  conduction  band 
edge  for  n-type  silicon  and  several  tenths  of  a  volt  from  the  valence  band  edge  for 
p-type  silicon.  It  is  shown  that  the  detection  of  the  interface  states  depends  on  the 
presence  of  the  oxide,  as  could  be  expected.  The  apparent  density  of  states  depends 
on  light  intensity  and  on  whether  the  sample  was  biassed  cathodically  or  anodically 
before  the  measurement.  We  speculate  that  the  biassing  effect  is  associated  with 
active  ion  movement  through  the  oxide,  and  suggest  a  chemical  form  for  the  inter¬ 
face  states  depending  on  the  presence  of  OH"  groups  at  the  interface. 
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